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ABSTRACT
The DNA bricks method exploits self-assembly of short DNA fragments to produce custom
three-dimensional objects with subnanometer precision. In contrast to DNA origami, the DNA brick
method permits a variety of different structures to be realized using the same library of DNA strands. As a
consequence of their design, however, assembled DNA brick structure have fewer interhelical connections in
comparison to equivalent DNA origami structures. Although the overall shape of the DNA brick objects
has been characterized and found to conform to the features of the target designs, the microscopic
properties of DNA brick objects remain yet to be determined. Here, we use the all-atom molecular
dynamic method to directly compare the structure, mechanical properties and ionic conductivity of DNA
brick and DNA origami objects different only by internal connectivity of their consistituent DNA strands.
In comparison to equivalent DNA origami objects, the DNA brick objects were found to be less rigid and
less dense and having a larger cross-section area normal to the DNA helix direction. At the microscopic
level, the junction in the DNA brick structures are found to be right-handed, similar to the structure of
individual Holliday junctions in solution, which contrasts with the left-handed structure of Holliday
junctions in DNA origami. Subject to external electric field, a DNA brick plate is more leaky to ions than
an equivalent DNA origami plate because of its lower density and larger cross-section area. Overall, our
results indicate that the structures produced by the DNA bricks method are fairly similar in their overall
appearance to those created by the DNA origami method but are more compliant when subject to external
forces, which likely is a consequence of their single crossover design.
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CHAPTER 1
INTRODUCTION
The self-assembly property of DNA has transformed nanotechnology by offering a potentially disruptive
route to manufacturing of tailored nanomaterials [1]. Although conventional nanomaterials, such as carbon
nanotubes [2], gold nanoparticles [3] or silicon nanowires [4], have become indispensable components of a
variety of engineered systems [5], assembly of such materials into functional units continues to present a
considerable challenge. The Watson-Crick hybridization of complementary DNA strands has offered a
route to programmable assembly of inorganic components [6, 7], promising exciting developments in the
area of bioengineering applications [8].
Building on the pioneering studies that introduced DNA self-assembly as an engineering tool [9, 10], the
DNA origami method [11] has kick started the field by offering a simple, practical, and versatile approach
to producing DNA nanoscturctures. The DNA origami technique employs a collection of short DNA
strands (staples) to bring together distant fragments of a long DNA strand (scaffold), folding the latter
into a prescribed geometrical shape, Fig. 1A. The earliest forms of DNA origami were two-dimensional
plates of various shapes [11]. The method was subsequently expanded to permit assembly of complex
three-dimensional (3D) structures [12, 13]. The functionality of such DNA origami nanostructures can be
further enhanced by the addition of auxiliary chemical groups, such as thiol, which bond easily to metallic
nanoparticles [14]. The functionalization allows conventional nanomaterials to be assembled in a
pre-determined manner [14, 8]. However, the typical yield of the DNA origami method is relatively low
compared to many chemical processes, likely because of the numerous kinetic traps in the DNA
hybridization reaction [15, 16].
DNA bricks has emerged as an alternative to DNA origami method of assembling custom 3D DNA
nanostructures [17]. The DNA brick nanostructures are made entirely from short DNA oligos, Fig. 1B,
which increases the yield of the self-assembly reaction and makes it possible to use the same library of
DNA strands to produce a broad range of custom 3D shapes [17]. Conceptually, the architecture of a DNA
brick object is similar to that built using LEGO R© building blocks. The basic building unit of the DNA
brick method is a 32 nucleotide oligomer folded back upon itself in a horseshoe shape, Fig. 1C. The four
8-nucleotide parts of the DNA brick are used to connect neighboring bricks through complementary
hybridization interactions, Fig. 1C. The central 16-nucleotide fragment of the strand (that includes the
crossover) is defined as the "head" whereas the two terminal 8-nucleotide fragments of the strand are
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Figure 1: Self-assembly of DNA origami and DNA bricks. (A) Schematics of DNA origami assembly. A long scaffold strand
(left) is mixed with a collections of smaller staple strands (middle) in a heated aqueous solution. The solution is slowly
annealed, with the temperature being reduced to room temperature over several days. Watson-Crick base pairing of the
strands’ nucleotides produces an ordered structure (right). (B) Schematics of DNA bricks assembly. A collection of short
DNA strands is combined in a heated aqueous solution. Upon annealing, the strands self-assemble into an ordered structure
(right). Connected strands share complementary regions but no strands have the same nucleotide sequence. (C) Connectivity
of a DNA brick. A DNA brick strand (shown as spheres colored according to atom type) contains 32 nucleotides and is
complementary to four eight-nucleotide fragments of other DNA brick strands (shown in orange, green, cyan, and magenta).
The blue overlays schematically represent the two DNA duplexes formed by the brick strands. In an assembled structure, a
brick strand is folded back onto itself, which creates a single junction between two adjacent DNA duplexes. (D) Lateral
connectivity of DNA duplexes in DNA origami and DNA brick structures. DNA helices of a DNA origami structure (left) are
connected via two intertwining strands forming a Holliday junction. In a DNA brick structure, a single DNA strand forms a
lateral connection of two DNA helices (right).
defined as the "tails". Each head connects to the tails of two different bricks; the same head-to-tail direction
of the bricks is maintained throughout the structure. The folded oligos stack together like 1×2 LEGO R©
blocks, staggering in all three orthogonal directions. Under ideal conditions, each brick is connected to four
other bricks [18]. As a consequence of their design, the DNA helices in DNA brick structures are connected
via single-strand crossovers, in contrast to DNA origami where the connections are realized via a
two-strand exchange, a Holliday junction, Fig. 1D. Thus, DNA brick and DNA origami structures can
have the same overall shapes but differ substantially by the internal connectivity of their constituent parts.
Programming DNA self-assembly into a complex 3D shape is a task beyond the capabilities of manual
design [19] and hence is commonly carried out with the help of an automated design tool. The first such
tool was the original program used by Rothemund to create the 2D origami structures [11]. Developed to
aid the design of 3D origami, the caDNAno program has a graphical user interface and can automatically
generate the nucleotide sequences of the staple strands required to realize a target structure [19]. The
caDNAno program, however, only helps to design the structures, it neither predicts the equilibrium
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solution structure of the design nor its physical properties. A number of computational methods have been
developed to make such predictions [20, 21, 22, 23], including the CanDo program [24] that can predict
equilibrium structures and fluctuations of DNA origami within the framework of continuum mechanics.
All-atom explicit solvent molecular dynamics (MD) simulations can provide, perhaps, the most complete
theoretical description of self-assembled DNA nanostructures [21], albeit at a high computational cost.
Using a coarse-grained representation in MD simulations considerably extends the time scale of the MD
method [22], permitting simulations of the actual self-assembly process [16].
Here, we report the results of all-atom MD simulations of several solvated DNA nanostructures realized
via both the DNA brick and DNA origami assembly methods. Following our previous study of the in situ
structure, mechanical properties and electrical conductivity of DNA origami [21, 25], we investigate here
the equilibrium structure, structural fluctuations and the response to external electric field of DNA brick
objects. Analysis of our MD trajectories allows us to directly compare the properties of the objects realized
via the two design strategies, elucidating the effect of their internal connectivity.
3
CHAPTER 2
RESULTS AND DISCUSSION
To enable direct comparison of the DNA origami and DNA brick structures, we designed DNA origami and
DNA brick representations of the same object—a 128 basepair long 4× 4 DNA rod, Fig. 2A. The designs
were chosen to be identical in terms of their initial conformations, the nucleotide locations in the initial
structures and the nucleotide sequence, differing only by the pattern of crossovers, Fig. 2B, and the
structure of the rods’ ends. The structure building procedures are described in detail in Methods; Fig. 6
provides the caDNAno designs of both structures. The caDNAno designs were converted to all-atom
representations and merged with aqueous solution of 50 mM MgCl2, a concentration close to optimal for
DNA bricks assembly [17]. The systems were then equilibrated for 5 ns with all heavy DNA atoms
constrained to their initial coordinates, allowing Mg2+ ions to penetrate the DNA structures and neutralize
the DNA charge (see Methods). The structures were then equilibrated for another 30 ns with the
constraints gradually released. The systems were then simulated unrestrained for another 135 ns each. Tbl.
1 provides a summary of all simulations performed.
2.1 In situ structure and conformational fluctuations
Over the course of the MD simulations, the two DNA structures maintained their overall structure,
undergoing minor deformations. Fig. 2C,D illustrate the conformations of the two structures at the end of
the MD trajectories. Both structures have not collapsed or separated into individual strands, and have
taken the expected conformation similar to the ideal design, along with the expected twisting seen in the
DNA structures built using the square lattice design [13], with the DNA brick structure appearing to have
twisted slightly less. The amount of the overall twist about the helical axis of the rod (the z axis) was
∼39◦ over 112 base pairs in the DNA origami structure and ∼37◦ over 112 base base pairs in the DNA
brick structure. Although the overall amount of twist is very similar in the two structures, the DNA
origami rod visually appears to have a larger twist along the z axis in Fig. 2C,D because of the
non-monotonic dependence in the DNA brick structure’s cross section along the z axis (Fig. 2J). The final
conformations of the two objects appear largely similar, with the exception of their ends. The two ends of
the DNA origami object are staggered and fray by the same amount whereas the two end of the DNA brick
object appear distinctly different. The asymmetric appearance of the DNA brick object is a direct
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Figure 2: All-atom MD simulations of DNA origami and DNA brick objects. (A) Schematic representation of an ideal 4×4
DNA rod object. DNA helices are shown as cylinders colored according to the layer of the object, and numbered according to
their location within the object. The semitransparent planes separate the 8 bp sections (array cells) of the structure and
indicate the locations of interhelical connections. Each DNA helix contains 128 bp. (B) The connectivity of the DNA helices
in the DNA origami (top) and DNA brick (bottom) realizations of the 4×4 DNA rod object shown in panel A. The plots
specify the number and location of scaffold (black) and staple (blue) crossovers in the DNA origami structure and the number
of DNA brick crossovers (green) in the DNA brick structure. Fig. 6 provides detailed caDNAno designs of the two structures.
(C,D) The microscopic conformations of the DNA origami (panel C) and DNA brick (panel D) structures at the end of 170 ns
MD simulations. Layers of DNA helices are colored to match panel A. Magnesium and chloride ions are shown as green and
pink spheres, respectively; water is shown as a semitransparent molecular surface. Each simulation system contains
approximately 1,286,000 atoms. Viewed along the z axis, the DNA origami structure visually appears to have a larger twist.
This is caused by the non-monotonic dependence of the DNA brick rod’s cross section along the z axis, see panel J. (E)
Root-mean-square deviation (RMSD) of the DNA origami (blue) and DNA brick (green) structures from their initial
coordinates over the course of the MD simulations. The dashed vertical line indicates the moment when all harmonic
restraints were removed. The purple line specifies per-frame RMSD of the DNA brick structure from the DNA origami
structure, with only the common sections of the structure (87.5% of all nucleotides) being compared. (F) The fraction of base
pairs broken during the MD simulations. The dashed vertical line indicates the moment when all harmonic restraints were
removed. A base pair is considered broken when the distance between the donor and acceptor in a hydrogen bond exceeds 4 Å.
(G, H) The fraction of broken base pairs in the individual array cells of the DNA origami (G) and DNA brick (H) structures
versus simulation time. The plots cover the free-equilibration part of each MD trajectory. (I) Distributions of the local
inter-DNA distances in DNA origami (blue) and DNA brick (green). (J) The local cross-sectional area of the DNA origami
(blue) and DNA brick (green) structures. Each data point represents an average over the entire unconstrained section of the
trajectory. The error bar at each base index indicates the standard deviation in the time series data with 5 ps time step.
consequence of its design, Fig. 2B and Fig. 6.
Fig. 2E shows the root-mean-square-deviation (RMSD) of the DNA atoms from their initial coordinates
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with hydrogen atoms excluded. The structures gradually approached a stable plateau after the constraints
were fully removed. The relatively high RMSD of 10 Å can be partially attributed to the initial expansion
of the DNA structures from their ideal design [21, 26]. Indeed, the RMSD computed relative to the final
conformation was considerably lower, as low as 4–6 Å when the terminal array cells were excluded, Fig. 7A.
Fig. 2F shows the percent of base pairs that have broken during the MD runs. In both systems, the
amount rose gradually with time, but was less than 3%, on average, in agreement with the results of our
earlier study [21, 26]. A considerably smaller amount of broken basepairs was measured when terminal
array cells were excluded from the analysis, Fig. 7B. The origami structure nearly always has a lower
percentage of broken base pairs, meaning that it was able to hold itself together more effectively.
Fig. 2G,H characterize the local integrity of the two DNA structures by treating the individual array
cells as separate regions and showing the percentage of broken base pairs per region. End regions, such as
array cells 1 and 16, were found to have a considerably higher fraction of broken base pairs (>7%)
compared to the internal regions, where the percent remained below 5%. The DNA brick structure,
Fig. 2H, had the highest concentration of broken base pairs in array cell 16, which results from a lower then
average crossover density in that region that produced visible fraying of the helices, Fig. 2D. Most of the
bases from the broken base pairs remain stacked and do not extrude from the helices.
Overall the local structure of the internal regions of both DNA structures (origami and bricks)
remained stable. The total percent of broken base pairs reached ∼2.5% at the end of the simulations
(Fig. 2F), with most of the broken base pairs located at the ends of the rods. However, local structural
deformations can also be reversible [21]. The most notable example of that in the present set of simulations
is in the region shared by array cells 13 and 14 in the DNA origami structure, Fig. 2G. At ∼100 ns, the
structure had a value of ∼5%, the highest internal value reached. Unlike base pairs broken at the ends of
the objects, the base pairs in these array cells were constrained by the surrounding DNA helices and were
able to be reform over time.
Overall, the DNA brick structure appeared to be larger and less dense than its DNA origami equivalent.
The average inter-axial distance in the DNA origami and DNA brick structures was 24.7 Å and 25.5 Å,
respectively, Fig. 2I. The inter-axial distance was computed as the distance between the centers of mass of
two base pairs of the same base index from the neighboring DNA helices. The distances were averaged over
the entire structure (excluding array cells 1 and 16) and over the respective MD trajectories. In agreement
with the inter-DNA distance, the cross-sectional area of the DNA brick structure, 59.8 nm2, was
considerably larger than that of the DNA origami one, 53.5 nm2, Fig. 2J. This implies that neighboring
DNA helices are bound weaker in DNA bricks than in DNA origami, which is consistent with the brick
structures having about half the number of crossover connections compared to DNA origami, Fig. 1D.
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Figure 3: Geometric properties of interhelical junctions in DNA origami and DNA brick structures. (A) Typical
conformations of interhelical junctions in DNA origami (left) and DNA brick (right) structures. X, X′, Y, and Y′ indicate the
CoM locations of the base pairs at the junction whereas W, W′, Z and Z′ indicate the CoM locations of the base pairs nearest
to the junctions. The dotted line connecting X and Y′ in the DNA brick structure signifies the lack of a covalent connection
present in the DNA origami structure. (B) The distributions of intrahelical distances (X–Y or X’–Y’) between base pairs at
the junction. Blue and green lines characterize the distances in the DNA origami and DNA brick junctions, respectively. (C)
The distributions of interhelical distances between base pairs at the junction. The distribution of X–Y′ and X′–Y distances
are plotted separately to highlight the differences between the DNA origami (blue) and DNA brick (green) structures. (D)
The bending angle of the helices at the junction (angle between W–X and Y–Z or W’–X’ and Y’–Z’) and the angle between
helices at the junction (angle between W–X and Y’–Z’ or W’–X’ and Y–Z). The colors of the lines that define the angles in
the inset match the colors of the respective angle distributions. Data for DNA origami and DNA brick objects are shown in
blue or cyan and in green or dark green, respectively. (E) The distributions of dihedral angles W–X–Y’–Z’ and W’–X’–Y–Z in
the DNA origami (blue) and DNA brick (green) structures.
2.2 The structure of interhelical junctions
A self-assembled DNA nanostructure maintains its 3D shape because of the lateral collections between its
DNA duplexes, which we refer to here as interhelical junctions. In both DNA origami and DNA brick
structures, the interhelical junctions are found at the crossover planes. While having approximately the
same number of junction points per array cell, Fig. 2B, the two structures differ considerable by the actual
structure of the junction. The DNA origami structures are laterally connected via two DNA strands per
junction, arranged in a cross like configuration known in biology as the Holliday junction (HJ),
Fig. 3A (left). In the DNA brick structures, the junctions are realized by one DNA strand per
junction, Fig. 3A (right), which makes a DNA brick structure to have, on average, half of the interhelical
connections of a DNA origami structure. Traditional HJs, in solution ([MgCl2] ∼ 10 mM), have been
shown to have a right-handed conformation characterized by a ∼60◦ interhelical angle [27, 28].
Nevertheless, HJs in DNA origami structures were found to adopt a slightly left-handed conformation
because of the geometrical constraints imposed by the neighboring DNA helices [29, 21]. Similar
constraints must also apply to DNA brick junctions, however, their microscopic structure has not been
characterized prior to this study.
To quantitatively characterize the conformations of junctions in our DNA origami and DNA brick
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structures, we considered the center-of-mass coordinates of the eight base pairs near each junction, Fig. 3A.
Because of the asymmetric structure of the DNA brick junctions, we distinguish the "bonded" (Z-Y-X′-W′)
and "non-bonded" (W-X-Y′-Z′) parts of the junction in our subsequent analysis. Fig. 3B,C plot the
normalized distributions of the intra- and inter-helical distances of the four base pairs nearest to the
junction, averaged over all junction sites and the unconstrained parts of the respective MD trajectories.
The intrahelical distances, Fig. 3B, peak at ∼3.70 and ∼3.58 Å for the origami and brick objects. Junctions
in DNA origami are known to be under mechanical stress, implied by the average intrahelical distance being
larger than the distance in a canonical B-DNA duplex (3.4 Å) [21]. Brick junctions also appear to be under
mechanical stress, but perhaps to a smaller degree. The interhelical distances, Fig. 3C, peak at 19.1 Å for
origami, 19.8 Å for the unbonded connection of the brick junction, and 20.5 Å for the bonded connection.
The DNA brick values are larger than those of DNA origami, which is consistent with the larger overall
distance between the DNA duplexes in the DNA brick structure and the larger cross-sectional area.
Fig. 3D characterizes the angles formed by the DNA helices at the junctions. The distributions of the
interhelical angles (blue and green) peak at 26.8◦ for origami, 28.9◦ for the unbonded part of the brick, and
31.3◦ for the bonded part of the brick. The intrahelical angle distributions (cyan and dark green) have
maxima at 149◦ and 155◦ for the origami and brick structures, respectively. The distributions of the
dihedral angles, Fig. 3E, show considerable differences between the DNA origami and DNA brick
structures. In agreement with our previous study [21], the mean value for DNA origami is -3.5◦ at both
sides of the junctions. The average dihedral angles in DNA brick junctions are 7.6◦ for the unbonded part
and 17.3◦ for the bonded part. Thus, the junctions are left-handed in DNA origami and right-handed in
DNA brick structures and both differ substantially from the conformation of a stress-free HJ in
solution [27, 28], suggesting that junctions in both structures are under considerable stress. The differences
in the conformations of the DNA origami and DNA brick junctions suggest that the latter is under less
stress than the former. Fig. 8 shows a superposition of the two junction types.
2.3 Comparison of the mechanical properties
The mechanical properties of a rod-like object can be determined by analyzing its structural
fluctuations [30, 31]. To perform such an analysis on our DNA nanostructures, we represent their all-atom
conformation in terms of local deformation tensors, following a method that we described previously [21].
The rod structures are described using a triad of vectors {tˆi(s)|i = 1, 2, 3} assigned to each array cell; the
contour variable s spans the entire structure. The vectors are defined as orthogonal vectors between the
corners of the idealized structure, Fig. 4A. Each of the three local generalized torsions {ωi, i = 1, 2, 3} is
defined as the torsion angle of the local triad per unit length with respect to the vector tˆi:
dtˆi/ds = ijkωj tˆk where ijk is the Levi-Civita tensor [30, 31, 21]. For our rod-like objects, ω3 torsion
describes twisting of the rods whereas ω1 and ω2 are related to bending.
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Figure 4: Mechanical properties of DNA origami and DNA brick structures. (A) Definition of the unit vector triads,
{tˆi(s)|i = 1, 2, 3} used for Frenet analysis of local mechanical properties [30, 21]. The origami and brick structures are
represented as an ideal 128 bp, 16 rod structure separated into 16 array cells. Vector triads {tˆ1,2} are defined as unit vectors
connecting the corner helices of the ideal structure; {tˆ3} is defined as the unit vector connecting corner helices of the adjacent
array cells. Microscopic torsions are computed from the differences between these triad vectors [21]. Array cells 1 and 16 were
not analyzed because of the edge effects. In all panels, blue and green indicate data computed for DNA origami and DNA
brick structures. (B–D) The average local generalized torsions, ω1,2,3, of the DNA origami (blue) and DNA brick (green)
structures. The error bar for each array cell index indicates the SD of 40 block averages of the corresponding time series data.
(E,F) Generalized rigidities α1,2,3 (panel E) and the persistence lengths (panel F) for the DNA origami (blue) and DNA brick
(green) structures. The mean values and SD were obtained by averaging over the data from individual array cells. Histograms
of the torsions and the local structure rigidities are plotted in Fig. 9.
Fig. 4B–D characterize local trajectory-averages of generalized torsion ω1,2,3 for DNA origami and DNA
brick structures. The mean torsions ω1 (Fig. 4B) and ω2 (Fig. 4C) for both structures are close to zero,
with a slightly positive trend for ω2 in the case of DNA origami. Torsion ω3 (Fig. 4D) is notably higher for
both structures, representing the axial twist that is visible in the final structures, Fig. 2 C,D. The amounts
of axial twist vary periodically along the structure, with regions of positive and negative twist alternating
every 3 or 4 array cells. Notably, the same regions in both structures twist by similar amounts, with the
DNA brick object twisting slightly more in each direction, with the exception of array cell 10 where the
twist is significantly higher. The larger twist at array 10 (and array 14) in the DNA brick structure may be
related to fraying of the DNA helices caused by the missing terminal crossovers. The twist seen in both
structures is consistent with that derived from the cryo-EM analysis of a square-lattice DNA origami
structure [29]. Such twist is thought to originate from the unnatural "three turns per 32 base pairs"
constraint of the square lattice [13].
Based on our torsion analysis, we could determine the mechanical rigidity of the two DNA
designs [30, 31, 21]. Computing the variance of the torsion over the MD trajectory yielded the rigidity of
the structure in the three orthogonal directions, Fig. 4E, where α1,2 are the bending moduli and α3 is the
twist modulus [30, 31]. Overall, origami and brick have comparable α1 and α2, with the bricks’ averages
being slightly lower but within the range of the origami’s values. The two structures have fairly isotropic
bending behavior, which is common to square-lattice designs [21]. The twisting modulus α3 is an order of
magnitude smaller than the bending moduli for both structures, with a value of ∼3 µm. The persistence
length lp, Fig. 4F, is obtained from the bending moduli as 1/lp = 0.5(1/α1 + 1/α2) [31]. The two structures
appear to have comparable persistence lengths, with the DNA brick structure being slightly more flexible,
9
but within the range of local values observed within the structure.
Finally, we characterized the strain in the sugar groups of the DNA backbone [32]. The resulting
distributions of phase amplitudes and phase angles, Fig. 10, do not show considerable differences between
the DNA origami and DNA brick structures.
2.4 Comparison of the ionic conductivity
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Figure 5: Ionic conductivity of DNA origami and DNA brick plates. (A) The DNA origami (left) [25] and DNA brick (right)
systems used for simulations of ion conductivity. The scaffold strand of the DNA origami structure is shown in blue, all other
strands are shown in unique colors. The blue semitransparent surface illustrates the approximate dimension of the simulation
unit cell. Each system contains 1 M KCl and 50 mM MgCl2, ions are not shown for clarity. The horizontal semitransparent
cylinders are drawn to visually distinguish the top and bottom layers of the structures. In the direction of applied electric field
(the z axis), the top and bottom layers are connected by four strands (green, purple, yellow, and red) in DNA origami and
two strands (pink and orange) in DNA brick plates. Both DNA origami and DNA brick structures are effectively infinite
within the x− y plane under periodic boundary conditions; periodic images of some strands along the x direction are shown to
emphasize this point. The unit simulation cell contains four DNA helices, two helices per each layer. Fig. 11 provides detailed
schematic of the designs. (B) The x− y area of the DNA origami (top) and DNA brick (bottom) plates versus simulation
time. The solid black lines indicate the moving average of the instantaneous x− y area values with a moving average window
of 20 ns. The dashed lines indicate the trajectory-average values of the x− y area. (C,D) Ionic current density (panel C) and
conductivity (panel D) versus transmembrane voltage of DNA origami (green) and DNA brick (blue) plates. (E,F) Reversible
deformation of DNA origami (panel E) and DNA brick (panel F) plates produced by the applied electric field. Each panel, the
top graph shows the duty cycle of the transmembrane bias; the bottom graph plots the average distance between the top and
bottom layers of the plate. Data for the DNA origami plate in panels B–E were taken from our previous study [25]. (G) A
representative conformation of a DNA brick junction under a 500 mV transmembrane bias. Individual strands are shown in
unique colors. The arrows indicate the locations of joint breaks in the structure. A visible twist appears in the structure with
respect to the junction.
It has been experimentally shown that DNA origami plates are permeable to ions [33, 34, 35] and that
their conductance can be affected by several factors, including their design [36, 25], the transmembrane
voltage [35, 25], and the type and concentration of the electrolyte solution [25]. Tile-like DNA objects have
been inserted into lipid bilayer membranes to mimic the function of biological ion channels [37, 38, 39],
revealing substantial effects of the object’s architecture on the ionic conductance [40]. DNA brick plates
can be potentially used instead of DNA origami for nanopore sensing measurements [33, 34], offering a
larger design space and customization of the DNA sequence.
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To investigate the ionic conductivity of the DNA brick plates and their response to the applied electric
field, we designed an effectively infinite DNA brick plate to match the dimensions of the DNA origami
plate that we have studied previously [25]. Both plates were composed of 2 layers of DNA duplexes
submerged in aqueous solution of 50 mM MgCl2 and 1 M KCl, Fig. 5A. Fig. 11 provides the details of both
designs. Similar to the DNA origami plate, the DNA brick plate was equilibrated for ∼400 ns allowing its
cross section to change. Despite having the same initial dimensions, the DNA brick plate was found to
have a higher cross section area than the DNA origami plate, Fig. 5B. The conformation closest to the
average was used to start the simulations under applied electric field. The ionic current simulations were
performed following a previously described method [41, 42], under transmembrane bias of 100, 250 and
500 mV. Comparison of the ionic current density through the DNA brick and DNA origami plates indicates
that the former is more permeable to ions. Consequently, the DNA brick plate has higher ionic
conductivity, Fig. 5D.
Previously, we have shown that DNA origami plates can be reversibly swelled by the electro-osmotic
flow produced by the application of the electric field [25]. To investigate the response of the DNA brick
plate to an alternating electric field, the plate was simulated under a transmembrane bias that was
periodically switched between 500 to 0 mV. In comparison to the response of the DNA origami
plate, Fig. 5E, the DNA brick plate was observed to swell considerably more under a 500 mV bias, Fig. 5F.
Upon switching the transmembrane bias off, the DNA brick plate largely recovered its structure, however,
the time scale of our simulations could be too short to achieve a full recovery. Closer examination of the
DNA brick structure under the applied bias revealed that the interhelical junctions, because of their single
bond structure, can act as swivel points for DNA duplexes, allowing the DNA helices to move about the
bond, Fig. 5G, which explains the larger swelling amplitude.
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CHAPTER 3
CONCLUSION
Using all-atom MD simulations, we have investigated the structure, mechanical properties and ionic
conductivity of DNA bricks. In comparison to equivalent DNA origami structures, DNA brick structures
were found to have a larger cross section and have a more relaxed structure on the interhelical junctions.
Nevertheless, both structures appear to have the same overall twist about the helical direction, prescribed
by the square lattice arrangement of the DNA helices utilized in both designs. The structure of the
inter-helical junctions, however, is notably different, with the DNA origami structures having a left-handed
crossing of the helices and the DNA brick junctions being the right-handed ones. In terms of mechanical
properties, the two structures appear to be fairly similar, with the DNA brick structure being, on average,
more flexible than the DNA origami one. Another notable consequence of their designs is the difference in
the ionic conductivity of the DNA plates: the DNA brick plates were found to be more conductive.
Responding to an external electric field, both structures have shown reversible swelling, although swelling
of the DNA brick structures had larger amplitude and was not fully reversible at the time scale of our
simulations. All of the above suggest that, while being fairly similar in appearance, the DNA brick and
DNA origami structures can respond differently to external perturbations, such as mechanical deformation
or applied electric field, with the DNA brick structures being more compliant.
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APPENDIX A: METHODS
General MD methods. All MD simulations were performed using the NAMD program [43], periodic
boundary conditions, CHARMM36 force field for DNA [44], the modified TIP3P model of water [45], and
custom parameters for ions [46] based on the CHARMM force field [47]. All Mg2+ ions were simulated as
Mg2+-hexahydrates [46]. During equilibration, the structure of the hexahydrates were preserved by
harmonically restraining (k = 5000 kcal/mol/Å2) the distance between Mg2+ and water oxygen atoms to
∼1.9 Å using the extrabonds function in NAMD. Our custom parameterization of Mg2+ ions was validated
by simulations of competitive ion binding to DNA [48] and by simulations of DNA array systems [49].
These restraints prevented irreversible binding of Mg2+ to phosphate oxygens of DNA during initial
equilibration [46, 48]. The van der Waals and short-range electrostatic energies were calculated using an
8-10 Å switching scheme. The long-range electrostatic interactions were computed using the particle-mesh
Ewald scheme and the grid size of ∼1.5 Å [50]. The integration timestep was 2 fs. Temperatures was held
constant at 300 K using a Langevin thermostat [43]. Pressure was maintained at 1 bar using the
Nose´-Hoover Langevin piston pressure control [51].
Assembly of the 4×4 DNA rod structures. The 4×4 DNA brick structure was designed in
caDNAno [19] by stacking layers of bricks in a staggered pattern, similar to the brickwork layout seen in a
brick wall. The first brick was placed with its head in array cell 1 and its tails in array cell 2; the 5′ branch
of the brick was placed in helix 0 and the 3′ branch in helix 1, see Fig. 2A for array cells and helix
numbering. The second brick was placed with its head and tails in the same array cells as the first brick,
but with the 5′ branch in helix 2 and the 3′ branch in helix 3, completing the top row of the 4×4
structure, Fig. 2A. To stagger the rows, the next brick was added one row down and one helix right,
occupying array cells 1 and 2 of helices 5 (with 3′ end) and 6 (with 5′ end); all bricks were placed to have
the same head-to-tail orientation (along the z axis) throughout the structure. Two 16 nucleotide half-bricks
that had no crossovers were placed in array cells 1 and 2 of helices 4 and 7, completing the second row.
The next row of bricks was built in the same way as the first row; the fourth row was identical to the
second. To add the next layer of bricks (with heads in array cell 2 and tails in array cell 3), the previous
layer of bricks was rotated, as a whole, by 90◦ counter-clockwise with respect to the z axis, bringing, for
example, the brick that spans helices 0 (with 5′ end) and 1 (with 3′ end) in array cells 1 and 2 to span
16
helices 15 (with 5′ end) and 8 (with 3′ end) in array cells 2 and 3. This procedure was repeated until array
cell 15 was completed. To complete array cell 1, 8-nucleotide strands were added to helices 0, 3, 8, and 11,
and 16-nucleotide strands were added to connect helices 1 and 2, 5 and 4, 7 and 6, 10 and 9, 13, and 12,
and 15 and 14, making all DNA double stranded. Similarly, single-stranded DNA in array cell 16 was
completed by adding 8-nucleotide strands to helices 0, 13, and 15, and 16-nucleotide strands to connect
helices 1 and 6, 3 and 4, 5 and 10, 7 and 8, 9 and 14, and 11 and 12. The 4× 4 square lattice DNA origami
rod structure was designed using caDNAno and converted to the all-atom representation using a previously
described method [21]. Fig. 6 specifies the designs of the DNA origami and DNA brick representations of
the 4×4 rod structure; Tbls. 2 and 3 list the DNA sequences.
The resulting design were converted to all-atom representation using the cadnano2pdb conversion
script [21, 52], which places the DNA nucleotides according to the idealized geometry of a B-from DNA
duplex. Following the conversion, each model was submerged in aqueous solution containing ∼50 mM
MgCl2. We used the genbox program of the GROMACS package [53] to randomly place Mg2+and Cl− ions
and to add water to our models. The size of the water box was chosen such that a water buffer of 4 nm or
more separated the periodic images of the DNA structures. The final dimensions of the solvated 4×4 DNA
rod structures were approximately 15× 15× 56 nm3, the systems contained∼1.28 million atoms. The total
number of phosphate groups was 4031 for the DNA origami rod and 3927 for the DNA brick rod. 2389 and
2337 Mg ions were added to the origami and brick rod systems, respectively; 747 chlorine ions were added
to each system. Each ideal rod design contained 2048 base pairs. Following assembly, the potential energy
of each system was minimized using the conjugate gradient method. The two systems were first
equilibrated for 30 ns with all heavy atoms of the DNA bases harmonically restrained to their initial
coordinates; the spring constants of the restraints were reduced from 0.5 to 0.1 and to 0.01 kcal/mol/Å2
every 10 ns. This gradual equilibration process allowed the DNA backbone to relax and the Mg2+ to
diffuse within the DNA structures, while preserving the overall integrity of the structures. Plots of the
average number of Mg2+ ions within the DNA rod structures and the radial distribution functions of Mg2+
ions with respect to DNA phosphate groups indicate that the 30 ns constrained equilibration was sufficient
for the ions to attain an equilibrium distribution within the DNA rod structures, Fig. 12.
Based on the above protocol, we developed a web tool for building all-atom DNA brick models of
arbitrary geometrical shapes, the legoGen [54].
Assembly of the infinite DNA brick plate. To simulate the ionic conductivity of a DNA brick
structure, we used the NanoEngineer-1 software to built the minimal unit cell of a DNA brick plate,
periodic within the x− y plane. The minimal unit cell contained two DNA layers with two DNA duplexes
in each layer. The DNA brick plate had the same initial dimensions, the same number of nucleotides, and
the same nucleotide sequence as the DNA origami plate that we studied previously [25]. Fig. 11 specifies
the designs of the DNA origami and DNA brick plates; Tbls. 4 and 5 list the DNA sequences. The
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resulting NanoEngineer design of the DNA brick plate was converted to an all-atom representation using a
custom nanoengineer2pdb conversion script. The all-atom model of the DNA brick plate was merged with
a pre-equilibrated volume of electrolyte solution containing 50 mM MgCl2 and 1 M KCl; the solution
volume was taken from the equilibrated all-atom model of the solvated DNA origami plate [25]. The final
system contained ∼50,000 atoms; the electrolyte solution separated the periodic images of the plate along
the z axis. Upon energy minimization, the structure was equilibrated for 30 ns having all heavy atoms of
DNA nucleotides harmonically restrained to their initial coordinates; the spring constants gradually
reduced from 0.5 to 0.1 and to 0.01 kcal/mol/Å2 every 10 ns. To determine the equilibrium dimensions of
the DNA brick plate system, the system was first simulated in the NPT ensemble for ∼400 ns without
applying any restraints. As a staring conditions for our ionic current simulations, we chose a frame from
the equilibration trajectory with the x-y cross-section area closest to the trajectory-average value. A
transmembrane bias V was induced across the plate by applying a constant electric field E along the z axis
such that V = −ELZ , where LZ is the length of the simulation in the direction of the applied field [41]. To
prevent the DNA brick structures from drifting in the electric field, a harmonic constraint was applied to
its center of mass using a spring constant of 1 kcal/(mol Å2). The simulations under applied field were
performed in the constant number of atoms, constant volume and constant temperature ensemble.
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APPENDIX B: SUPPLEMENTARY FIGURES AND TABLES
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Figure 6: caDNAno schematics of the 4× 4 DNA rod structures. (A) The 4× 4 DNA rod structure realized via the DNA
origami method. (Left) caDNAno schematic of the design. The blue line indicates the scaffold strand; all other colors indicate
the staple strands. (Right) Physical location of the helices numbered in the schematics. (B) The 4× 4 DNA rod structure
realized via the DNA brick method. (Left) caDNAno schematic of the design. Colors correspond to alternating strands. Same
color strands are not covalently connected to each other. (Right) Physical location of the helices numbered in the schematics.
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Figure 7: Structural analysis of MD simulations of DNA origami and DNA brick rod objects. (A) RMSD of the DNA origami
(blue) and DNA brick (green) objects during the respective MD simulations with respect to the conformation they attain at
the end of the simulations. Solid lines indicate data computed for the entire DNA structures, dashed lines indicate the
calculations done having the terminal array cells (1, 2, 15, and 16) excluded. (B) The number of broken base pairs versus
simulation time for DNA origami (blue) and DNA brick (green) objects. Array cells 1 and 16 were not included in the
calculations.
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Figure 8: Superposition of the DNA origami and DNA brick junctions. The backbone of DNA origami and DNA brick
junctions are shown as blue and green spheres, respectively; the semitransparent surface indicates the overall shape of DNA
brick junction. The structures of the junctions were obtained by averaging over the respective unrestrained equilibration
trajectories (sampled at 1 ns) and over 30 representative junctions within each structure. The backbone RMSD between the
average structures is 4.4 Å.
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Figure 9: (A-C) Representative distributions of torsions ω1, ω2, and ω3. Histograms of torsions ω1 (A), ω2 (B), and ω3 (C)
between array cell 5 and 6 for origami (blue) and brick (green). (D-F) Bending (α1,2) and twist (α3) moduli for the DNA
origami (blue) and DNA brick (green) realizations of the 4× 4 DNA rod structure.
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Figure 10: Distributions of the rotation pseudoparameters defining the amount of sugar group puckering in the DNA
backbones of DNA origami (blue) and DNA brick (green) rod objects. (A) Schematic representation of a DNA sugar group.
The five dihedral angles, v1−5, can be represented using the phase angle, P , and amplitude, τm, parameters defined as
tan(P ) = ((v4 + v1)− (v3 + v0))/(2v2(Pc)), where Pc = sin(pi/5) + sin(pi/2.5), and τm = (v2)/ cos(P ) [32]. (B–E) The
distribution of the phase angle, P (middle row), and the amplitude, τm (bottom row), in the simulations of the DNA origami
(blue) and DNA brick (green) objects. The left column (panels B and D) show the distributions for the sugar groups located
within 1 base pair of the junctions. The right columns (panels C and E) show the distributions for the sugar groups located
more than 1 base pair away from the junctions.
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Figure 11: caDNAno schematics of DNA origami and DNA brick plates. (A) Unit cell of the DNA origami plate [25]. Parts
of the scaffold strand are shown in blue, all other colors represent staples. Due to the periodic nature of the unit cell, some
crossovers occur over the unit cell boundaries. Under the periodic boundary conditions, the boundary at the left hand side of
the structure is equivalent to the boundary at the right hand side of the structure so that the dashed black lines at both sides
of the structure correspond to the same region of the design. Dotted crossovers, such as in strand #1, occur over the system
boundary along the Y-axis. The schematic representation of the structure (right column) illustrates those connections using
dotted lines (helix 1 connects to the periodic image of helix 0 whereas helix 2 connects to the periodic image of helix 3). The
structure does not repeat itself in the Z direction, giving the appearance of an infinite two-duplex-thick membrane. (B) Unit
cell of the DNA brick plate. All DNA strands are shown in different colors. Strands that cross over the dashed boundaries
connect across the unit cell boundary along the Y-axis.
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Figure 12: The distributions of Mg2+ ions during MD simulations of DNA origami and DNA brick objects. (A) The number
of Mg2+ ions within a 4×4×35 nm3 internal volume of the DNA rod objects. (B) The radial distribution function of Mg2+
ions with respect to the phosphorous atoms of the DNA backbone of the DNA origami structure at 0, 30, and 165 ns of the
respective MD trajectory. (B) The radial distribution function of Mg2+ ions with respect to the phosphorous atoms of the
DNA backbone of the DNA brick structure at 0, 30, and 165 ns of the respective MD trajectory.
25
T
ab
le
1:
Su
m
m
ar
y
of
pr
od
uc
ti
on
si
m
ul
at
io
ns
Sy
st
em
D
im
en
si
on
s
#
nu
cl
eo
ti
de
s
#
at
om
s
Si
m
ul
at
io
n
ti
m
e
(n
s)
ty
pe
(l
en
gt
h
×
E
qu
ili
br
at
io
n
A
pp
lie
d
bi
as
si
m
ul
at
io
n
#
he
lic
es
)
0.
1
0.
25
0.
5(
V
)
C
yc
le
or
ig
am
ir
od
12
8
bp
×(
4h
×4
h)
40
96
1,
28
5,
19
1
∼1
65
—
—
—
—
br
ic
k
ro
d
12
8
bp
×(
4h
×4
h)
40
96
1,
28
6,
03
2
∼1
65
—
—
—
—
br
ic
k
un
it
ce
ll
32
bp
×(
2h
×2
h)
25
6
50
,0
66
∼4
10
48
48
48
∼2
88
a
or
ig
am
iu
ni
t
ce
ll
32
bp
×(
2h
×2
h)
25
6
50
,0
50
∼4
90
48
48
48
∼2
30
b
a
T
he
el
ec
tr
ic
fie
ld
w
as
ap
pl
ie
d
fo
r
48
ns
an
d
th
en
re
m
ov
ed
fo
r
96
ns
an
d
th
en
re
pe
at
ed
on
e
m
or
e
ti
m
e.
b
T
he
el
ec
tr
ic
fie
ld
w
as
ap
pl
ie
d
fo
r
57
.6
ns
an
d
th
en
re
m
ov
ed
fo
r
57
.6
ns
an
d
th
en
re
pe
at
ed
on
e
m
or
e
ti
m
e.
[2
5]
26
APPENDIX C: DNA SEQUENCES USED IN SIMULATIONS
Table 2: The nucleotide sequence of strands used to build the 4× 4 DNA origami rod
Number Sequence
Scaffold M13mp18 sequence provided by CaDNAno program [19].
1 ATCAATAGGCG
2 AATGGGCGAAAAACCGTCTGGACTCCAGTT
3 ATCGTCATAAATATTCCGTGCCAGCAGGGTGGAGG
4 AACAGTTCCTCACTGCGCAACAGCAACGACGGCGC
5 TCAAAAATCATGAGTGAGATTAGCAAACGCCAGGGCT
6 TATCGCGTTTTTGCGGAGAGAGTTACATTTCGACG
7 GCGGATCCCTGACTATTATAGT
8 AGTAAGCAAACTTGGGCGCCTGCATTACTGTGTGA
9 TTTAAGCCCCAGCCAAAAGAACAGCCAGCTTTCC
10 AATTGCTGAAAGAGGAAGGGCAAAGACTAAC
11 GAGTGTTGTTCCAGTTTGGAATTATAAATAGGCG
12 TTAGTAGGTTTGATAAGAGGTCATTTTAATTCTGA
13 GGAAGTTTCATTCCATATAATGTTTAGCAAT
14 GCAACTAATGAAAAGGTGGCA
15 CCGGAAACCAG
16 TCGGCAAAATCCCCAAGAGTCGTCAGGATTAGAG
17 ACCATTAGATGCAGCAAGGGCCTCTTCCAGTGCCATC
18 GGCGCGAGCAGTACGGTGTCT
19 AAACTGCGCAATCTAGAGGGGATTCTCTAGCCAGC
20 CACTTCACCAGGAGCTTCACCCCTCAAATGCTTTA
21 CTGATGGCTTATCCCAATTCTGCGAACGAGTAGAT
22 CATACGGGGATGTGTTTTCCCCCCCAAAATAAATC
23 ATATATATTTTCAATGCCTGAGTAATGCGGAGACAGAG
24 AACTGTAGCTCAACATGTTTTAAATATCAGAAGCACTCAGAGCATAAA
Continued on next page
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Table 2: (Cont.) The nucleotide sequence of strands used to build the 4× 4 DNA origami rod
Number Sequence
25 TCAATTCTACTAAAAAATTTT
26 GGGCTCGAATTGCAAAGCGCGT
27 GGCGGTGATGGTGACGTCAAACACTATTAAAGAACGT
28 GACGGCCGCTTTCCACAACATACGAGCCGTAGGA
29 TTGCCCTTCACAACCCGAAAGAGAATGACCATAAA
30 AAACCTGTATTGAATCAAGCGAACCAGACCGGACC
31 TCAAGCCTGGGGTGCCTAAATTTTTGTACAGGAAG
32 ACATTATGGGTCTTTATGCATCAAAAAGATTATATAATGCATCCA
33 GCTAAATCGGTTGGCGGGAGA
34 CGTAATCATGT
35 AATTGTTACCTTCCTGGGTAATCGTAAAACTAAAG
36 TCAATGCCTGCTTTTTCTTGCTGGTTTTTGCTCCTGTT
37 TAACATTAATTGCGTTGCGAGAAAACGACTTCAAA
38 CCCGGGCTGTTTCATGAATCGGCCAACGCCGTCC
39 TCGACCTGTTGGGCGATGAACGGGCGCATCGTAAC
40 AGCCTTTATTTAAATTGTAAA
41 AGGATCCTGTTTTTGCGTATCCAACAGACTGCGGA
42 TATTAATTGCCTGAGGGGACGAAAGGGTGAGAAA
43 GCAAGATTTTTGAGTCAAATCACCA
44 GGCGTGTAGATCGTGGGAACAAACGGCAACCCGTCATC
45 ACAGTATCGGCCTCCAGTTTGAGAGTCTGGAGCA
46 ATTCACAAATGGTCAATAACCCAGTTGATGAGCTT
47 TAGAACCCTCAACCGTTCTAG
48 AATGGGATAGGTCACGTTGACCGCTTCCATTC
49 CGTGCATCTGCAGGAAGATCGGTGCGCGGTC
50 GGCTGTAGGTAGGCGAAAGAGGCCGCCTGGCC
51 TCAATATGATATTCATATATCAAGGATATAGTAGTAAATAAAGCAA
52 AGAATAAGGGCGATCGCACTCTAGCCCGAGATTTG
53 AACGCATGTCAAAGCTTGCCAATTCCACAGTCGGG
54 ATCTACAAAGGCTCAGAAAAGAGTCACGAAAGTG
55 CTGATAAATTAATGCCGGAGAAGCA
56 GAGCGAGTAACGGATTGACCCATTCGCTGGTGCCGAAA
57 ATATGCCATCAAAAATAATTCGCGTCTGGTCCGC
Continued on next page
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Table 2: (Cont.) The nucleotide sequence of strands used to build the 4× 4 DNA origami rod
Number Sequence
58 ATTGTATAGGGTAGCTGCGATTAATTTAAATGCATTTGG
59 AATATTTCAACGATACTTTTTACCAAAA
60 TTTCATCAACATTAAATGGTCATAGTACCGAGAGA
61 ACGTACCCCGGTTGATAATATCAGGTCCGCCAGCTAAG
62 AGCTCATTTTTTAACCAAGAAGCATACGTTGTAATGA
63 CGCATTAAACCCTGTAGTTGGGTAAATTAAGCGCATT
64 CGTTAATATTTTGTTAAAATT
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Table 3: The nucleotide sequence of strands used to build the 4× 4 DNA brick rod
Number Sequence
1 ATCAATAG
2 ATCGTCATAAATATTC
3 ATGCTTTAAACAGTTC
4 CATAAATCAAAAATCA
5 ATTATAGT
6 AACCGTCTGGACTCCA
7 TCCAACAGGGGCGAAA
8 CAGACCGGAAGCAAACTTGGGCGCCAGGGTGG
9 GAGCTTCAAAGCGAAC
10 TATCGCGTTTTAATTCTGAGACGGGCAACAGC
11 CCCGAAAGACTTCAAA
12 AAAGATTAAGAGGAAGGGCAAAGAATTAGCAA
13 AAGCGGATTGCATCAA
14 CAGAAGCACTCAGAGC
15 TAGAGAGTACCTTTAA
16 GAGGTCATTTTTGCGG
17 TTGCTGAATATAATGC
18 AAGAACGT
19 CAAGAGTGCACTATTA
20 TTGTTCCAGTTTGGAATTATAAATCAAAAGAA
21 TTAGTAGGGTTGAGTG
22 CTGCGAACGAGTAGATCATTAGATACATTTCG
23 CAGTTGATTCCCAATT
24 GTTTCATTCCATATAATGTTTAGCTATATTTT
25 AGTACGGTGTCTGGAA
26 GCAACTAATGAAAAGG
27 GTTTTTTTTTTTTCCG
28 ATCCTGTTTGATGGTGACGTCAAAGTCAGGAT
29 GCCCCAGGAGGCGAAACTGCGCAACTGTTGGG
30 CGGTCCACGCTGGTTTTTGCTCCTTTTGATAA
31 AGAGAGTTGCAGCAAGGGCCTCTTCGCTATTA
32 CCGCCTGGTGGCCCTGATGGCTTAGAGCTTAA
Continued on next page
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Table 3: (Cont.) The nucleotide sequence of strands used to build the 4× 4 DNA brick rod
Number Sequence
33 ATCCAATAAATCATACGGGGATGTGCTGCAAG
34 TAGTAGTAGCATTAACTGTAGCTCAACATGTT
35 TCTACTAAAAAATTTT
36 GCGTTTTTTTTTTGGG
37 ATGAATCGGCCAACGCCGTCCAATACTGCGGA
38 CGTGCCAGCTGCATTACTGTGTGAAATTGTTA
39 CAGTCGGGAAACCTGTATTGAATCGCCCTCAA
40 CTCACTGCCCGCTTTCCACAACATACGAGCCG
41 CATTAATTGCGTTGCGAGAAAACGAGAATGAC
42 TGAGTGAGCTAACTCAAGCCTGGGGTGCCTAA
43 TACCAAAAACATTATGCGTCTTTACCCTGACT
44 ATCGGTTGGCGGGAGA
45 CGTAATCA
46 CTCGAATTGCAAAGCG
47 ATCCCCGGGTACCGAGAGAGGCGGTTTGCGTA
48 AGGTCGACTCTAGAGGGGATTCTCCGTAATCG
49 AAGCTTGCATGCCTGCTTTTTCTTTTCACCAG
50 AACGACGGCCAGTGCCATCATATGTACCCCGG
51 AGTCACGACGTTGTAATGATTGCCCTTCACAA
52 ACGCCAGGGTTTTCCCGCCCAAAAACAGGAAG
53 TTTCAACGGTTGGGTAAATTAAGCAATAAAGC
54 AGCCTTTATTTAAATT
55 GAAACCAG
56 ACCGCTTCTGGTGCCGAAATCGGCAAAATCCC
57 CAGCCAGCTTTCCGGCGTGTAGATGGGCGCAT
58 CAGGAAGATCGCACTCTAGCCCGAGATTTGAC
59 ACGACAGTATCGGCCTCCAGTTTGAGGGGACG
60 TGTAGGTAAAGATTCACAAATGGTCAATAACC
61 CAATGCCTGAGTAATGCGGAGACAGTCAAATC
62 TCATATATTTTAAATGCATTTGGGGCGCGAGC
63 TAGAACCCTCAACCGT
64 GGGATAGGTCACGTTG
65 CGTAACCGTGCATCTG
Continued on next page
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Table 3: (Cont.) The nucleotide sequence of strands used to build the 4× 4 DNA brick rod
Number Sequence
66 AAAGGGTGAGAAAGGC
67 ACCATCAATATGATAT
68 CGTTTTTTTTTTTAAT
69 CAAACGGCGGATTGACCCATTCGCGATTCAGG
70 CGATGAACCGTGGGAA
71 GAGCAAACAAGAGAATAAGGGCGATCGGTGCG
72 ATTGCCTGAGAGTCTG
73 CAAAGGCTATCAGGTCCGCCAGCTGGCGAAAG
74 ATTTTTGAGAGATCTA
75 GCCGGAGAGGGTAGCTGCGATTAACAAGGATA
76 AAATTAAT
77 CGAGTAACAACCCGTC
78 TAAAACTAGCATGTCA
79 TTGATAATCAGAAAAG
80 ATTGTATAAGCAAATA
81 TGTTTTTTTTTTTGAG
82 TTTCATCAACATTAAATGGTCATAGCTGTTTC
83 CCTTCCTGTAGCCAGC
84 AATAATTCGCGTCTGGTCCGCTCACAATTCCA
85 TAGGAACGCCATCAAA
86 CTCATTTTTTAACCAAGAAGCATAAAGTGTAA
87 ATTTTTGTTAAATCAG
88 TTAAAATTCGCATTAAACCCTGTAATACTTTT
89 ATATTTTG
90 ATTGGACGCTATTGATAGACGGTTTTTCGCCC
91 ATGACGATTCCGCAGT
92 GATTCAATGAATATTTCCGGTCTGGTTCGCTT
93 TAAAGCATTTGAGGGC
94 CGTTTTCTGAACTGTTACGCGATATTTGAAGT
95 GATTTATGGTCATTCT
96 TAAAGACGTGATTTTTTAATCTTTTTGATGCA
97 ACTATAATAGTCAGGG
98 TTTGACGTTGGAGTCCACGTTCTTTAATAGTG
Continued on next page
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Table 3: (Cont.) The nucleotide sequence of strands used to build the 4× 4 DNA brick rod
Number Sequence
99 ACTCTCTAATCCTGACCTGTTGGAGTTTGCTT
100 AGGAGCAATTAAAGGTTGGAACAACACTCAAC
101 ATGACCTCTTATCAAATGAAGCTCGAATTAAA
102 TAAGCCATCCGCAAAAGTTCGCAGAATTGGGA
103 TTCAGCAATTAAGCTCCTTTCGGGCTTCCTCT
104 GAGCTACAGCATTATAAATGAAACTTCCAGAC
105 ATATTTAAAACATGTTATCCGCTTTGCTTCTG
106 CACTCTTGTTCCAAAC
107 CCTACTAAATCTACTC
108 ATCAACTGTTATATGG
109 ACCGTACTTTAGTTGC
110 GCCGATTTCGGAAAAA
111 ATTTATAAGGGATTTTAACAGGATTTTCGCCT
112 TCGGGCTATTCTTTTG
113 ATCTAATGGTCAAATCGTGGACCGCTTGCTGC
114 ACCATTTGCGAAATGT
115 GCTAAACAGGTTATTGCCAGGCGGGTATGATT
116 CCCAAATGAAAATATA
117 CCTTTTCAGCTCGCGCTACTACTATTAGTAGA
118 CCGCCTCTCCCAAAAAAAAAAAACCACCATCA
119 GCGCCCAATACGCAAACGATTCATTAATGCAG
120 AAGAAAAACCACCCTGCCTGGGGCAAACCAGC
121 CCGTCTCACTGGTGAACCCGACTGGAAAGCGG
122 GGCAATCAGCTGTTGCAACTCTCTCAGGGCCA
123 TCTTTGCCTTGTGAAGAATTAATGTGAGTTAG
124 GCTTAATTTTGCTAATTATTGGATGTTAATGC
125 GCTCTGAGGCTTTATTTTTTGGTACAACCGAT
126 AAAAACGCGCGTTGGC
127 CTGGCACGACAGGTTT
128 GCAGTGAGCGCAACGC
129 CTCACTCACATAATGT
130 TATGACCATGATTACGAATTCGAGCTCGGTAC
131 TCACACAGGAAACAGC
Continued on next page
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Table 3: (Cont.) The nucleotide sequence of strands used to build the 4× 4 DNA brick rod
Number Sequence
132 TGAGCGGATAACAATTGTCGACCTGCAGGCAT
133 ATGTTGTGTGGAATTG
134 TATGCTTCCGGCTCGTCCGTCGTTTTACAACG
135 CCCAGGCTTTACACTT
136 TACAGGGTTTAGGCACCCTGGCGTTACCCAAC
137 TCTCCCGCAAAAGTAT
138 GCGAATGGCGCTTTGCCTGGTTTCCGGCACCA
139 TTGCGCAGCCTGAATCCCGGGGATCCTCTAGA
140 TCGCCCTTCCCAACAGGCTGGCTGGAGTGCGA
141 AAGAGGCCCGCACCGAGCAAGCTTGGCACTGG
142 AGCTGGCGTAATAGCGACTGTCGTTGAATCTT
143 ACATCCCCCTTTCGCCTCGTGACTGGGAAAAC
144 TTAATCGCCTTGCAGCAGGCATTGCATTTAAA
145 AAAATTTTTATCCTTGCGTTGAAATAAAGGCT
146 GAAGCGGTGCCGGAAA
147 TCTTCCTGAGGCCGAT
148 TACCTACACATTACTC
149 ATATATGAGGGTTCTA
150 CCTATCCCATTAAAAA
151 ATCTACACCAACGTGAGCCGTTTGTTCCCACG
152 CGGTTACGATGCGCCC
153 CAAACTGGCAGATGCAGTTTGCTCCAGACTCT
154 CACCCTTTCGTCCCCT
155 TGTCTCCGGCCTTTCTAGCCTTTGTAGATCTC
156 TTGATGGTGATTTGAC
157 ACGGTTGAATATCATATCTCCGGCATTAATTT
158 GTTACTCGCTCAAAAAAAAAAACGGTCAATCC
159 GAGAATCCGACGGGTTTGATGAAAGCTGGCTA
160 TAGTTTTACGATTACGGTTCATCGATTCTCTT
161 CATATGATTGACATGCGAATTATTTTTGATGG
162 ATTATCAACCGGGGTACAGGCAATGACCTGAT
163 TTTTGGGCCTTTTCTGAAAATGAGCTGATTTA
164 TATACAATCTTCCTGTTCAAAAATAGCTACCC
Continued on next page
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Table 3: (Cont.) The nucleotide sequence of strands used to build the 4× 4 DNA brick rod
Number Sequence
165 AATTTAAATATTTGCTAATTTTAACAAAATAT
166 AAAAAACATTTAATGT
167 CAGGAAGGCCAGACGC
168 CGTTCCTATTGGTTAA
169 ACAAAAATTTAATGCG
170 TTAAATAT
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Table 4: The nucleotide sequence of strands used to build the DNA origami plate. This design is reproduced from our
previous study [25]
Numbera Sequence
Scaffold 0 ATGTTGTGTGGAATTGTGAGCGGATAACAATT
Scaffold 1 CCCGACTGGAAAGCGGGCAGTGAGCGCAACGC
Scaffold 2 GCTGGGGCAAACCAGCGTGGACCGCTTGCTGC
Scaffold 3 AACACTCAACCCTATCTCGGGCTATTCTTTTG
Staple 1 GGGTTCCGCTCACCGCTTTCCAGTCGGGAATT
Staple 2 GTTATGAGTGTTGCAGCAAGCGGTCCACGATA
Staple 3 GTTTCTCACTGCCAATTCCACACAACATGCGT
Staple 4 TGCGGCCCCAGCCAAAAGAATAGCCCGAGCTG
a The strands are numbered as in Fig. S3A schematic.
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Table 5: The nucleotide sequence of strands used to build the DNA brick plate.
Numbera Sequence
1 GCCAAGGGGCGGTGAG
2 GTTATGAGTGTTGCAGTTTCCAGTCGGGAATT
3 CGATAAGAAAACCGAC
4 CGGAACCCAATTCCCGGGGCCGCACAGCTCGG
5 TGAGAAACACGCATGT
6 CAAGCGGTCCACGATAGGGTTCCGCTCACCGC
7 TGCGGCCCCAGCCAAATCCACACAACATGCGT
8 CTCATAACTATCGTGG
9 AGAATAGCCCGAGCTGGTTTCTCACTGCCAAT
10 TGTGTGGAATTGGCAGACCGCTTGCTGCAACA
a The strands are numbered as in Fig. S3B schematic.
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